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ABSTRACT
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Title: Mechanical Testing of Semi-Solid Al-Mg Binary and 7050 Aluminum Alloys
Measured Using the Reheating-Cooling Method.
Committee Chair: David R. Johnson and Matthew J.M. Krane

Elevated temperature tensile testing beyond the non-equilibrium solidus
demonstrates the advantage of a new method called the Reheating-Cooling Method
(RCM) for determining mechanical properties of Al-Mg binary alloys and cast alloy 7050
aluminum in the solid-liquid two phase mushy zone. Using the RCM, it is possible to
achieve semi-solid tensile behavior with standard testing equipment and to retain a nonequilibrium casting microstructure, which is necessary to gain insight into hot tearing.
Hot tearing, a virtually impossible to repair defect, is known to worsen with increasing
Direct Chill (DC) cast ingot size. Further data gathered from mechanical testing of alloys
within the semi-solid mushy zone is necessary to better understand hot tearing and
improve ingot production.
First, RCM 0.9 fs modulus of toughness results show Al-10%Mg absorbed an
average of 240 kJ/m3 while Al-1%Mg an average of 58 kJ/m3. The modulus of toughness
at 0.9 fs matches the expected trend seen in hot tearing susceptibility between the two AlMg binary alloys. Longer dwell at elevated temperature during heat up is found to
decrease Al-Mg alloy semi-solid modulus of toughness. Secondly, when above 90% of
the non-equilibrium solidus, a basic model of diffusion shows a need for diffusion
mitigation. Finally, using 7050 at 0.9 fs, a comparison between the traditional direct ramp
method to the RCM demonstrates an average reduction from 389 kJ/m3 to 10.6 kJ/m3 in

xviii
modulus of toughness. When compared to the direct ramp method, the RCM fracture
surface contains more evidence of liquid grain boundaries and no sign of plastic
deformation, indicating less back diffusion during testing. Increasing strain rate was
found to increase specimen modulus of toughness at and above 0.9 fs but lower the
modulus of toughness at 0.8 fs. RCM testing shows similarities between the direct ramp
method at 0.9 fs and the mechanical response of the same alloy at 0.95 fs.
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1. INTRODUCTION

Aluminum alloys can be found in almost every aspect of modern life from
beverage cans to next generation space vehicles. Aluminum offers a desirable
combination of low density and high strength at reasonable cost. Alloys, which can be
modified to have a variety of mechanical properties, are engineered via solid solution
strengthening and post processing heat treatments. Aluminum alloys are classified by the
method used to form their shape i.e. cast or wrought. Cast alloys are designed to be shape
cast though processes such as sand, permanent mold or investment casting. Wrought
alloys are designed to be first cast into ingots, then mechanically deformed to produce
their final usable shape. With emphasis on the casting step, this study will focus on
wrought alloys. Aluminum alloys 1000 series represent virtually pure aluminum. Via the
primary addition of manganese or magnesium, respectively 3000 and 5000 series
aluminum alloys can be produced with modest strength without needing heat treatments
for common applications. If higher strength is required, 2000, 4000, 6000, and 7000
series alloys can all be processed in a malleable state then heat-treated to produce
strengths of greater than 400 MPa (58,000 psi) [1]. Because of the high strength of these
specific alloys, they prove to be extremely valuable for critical aerospace applications
and will be a focus of this study.
Although the 7000 and 2000 series exhibit an extraordinary combination of
strength and density, their value is slowly being degraded in some applications by the
introduction of viable composite replacements. One of the most publicly visible examples
of this has been the replacement of the traditionally aluminum alloy covered airframe
with carbon fiber reinforced composites on the Boeing™ 787 Dreamliner [2]. The
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aluminum industry needs to continue pushing the boundaries of strength and durability
and reduce production costs. Defects introduced during the casting process can lead to
additional rework steps and may affect the quality of end use products. Typically casting
defects cause issues with further processing and result in lower quality finished products.
By eliminating scrap, decreasing production times, and allowing the casting of larger
ingots, the aluminum industry can strive to stay competitive in the materials marketplace.
To accomplish these goals additional controls are needed to assist in error proofing the
production process, and the domain of problems traditionally deemed technically
unsolvable needs to be creatively tackled by materials scientists and engineers.

Direct Chill Casting
Direct chill (DC) casting is a semi-continuous process used to produce most of the
wrought aluminum alloys in the world. Although the technology has been used for over
50 years it is still the most widely used process for the production of aluminum ingot and
considered the most important aluminum production process [3]. DC casting was
developed in the mid-20th century as a replacement for permanent mold ingots and billets
intended for further deformation processing such as rolling and extrusion. The goals of
both improving cycle times and ingot quality could be achieved by casting onto a
hydraulically controlled platform surrounded by a water-cooled copper mold, as seen in
Figure 1.1. The platform is slowly drawn downward, often into a pit, exposing recently
solidified aluminum to additional water jet cooling and lowering more molten aluminum
into contact with the mold. This process continues until the desired length is reached and
the liquid metal input is ceased. The ingot finishes solidification, is removed from the
mold, and is moved to cool allowing the next ingot to be cast.

3

Figure 1.1: DC casting process representation showing components, after Adam. [4].

During the DC casting process, molten metal begins to cool, solidifies over a
range of temperature, then cools further as a solid. Each one of these steps of the process
contributes a degree of shrinkage as the density increases due to thermal contraction and
solidification shrinkage. This thermal shrinkage is partially constrained by the mold and
surrounding material, which leads to the buildup of internal thermal stresses. These
stresses and their resulting strains are the cause for the very serious problem of ingot
cracking during the casting process. The most severe problem is referred to as hot tearing.
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While hot tearing has always been a defect found in castings and has been studied
heavily, a deep understanding of the physics behind the formation and propagation of hot
tears is still not completely understood [5].

Hot Tearing in Aluminum Alloys
Hot tearing is a problematic defect occurring in many alloys, shapes and casting
processes. In the final stage of solidification, multicomponent alloys will exist
simultaneously as liquid and solid. In this semi-solid state a casting exhibits an extremely
low strength and ductility [6], [7]. The weakened state combined with the development of
thermal stresses can lead to crack initiation and propagation though the casting. Campbell
has described cracks as, “ragged and branching, dendritic in appearance, located at a hot
spot in a casting, and apparently random in appearance” [6]. It is well known that high
strength aluminum alloys are susceptible to hot tearing during DC casting, which will
result in lost production time and scrap [8]. High strength, complex aluminum alloys are
among the most important structural materials today as they push the boundary of high
strength, low weight and cost-effective materials. Better understanding the problem of
hot tearing during casting of these alloys will allow for cheaper production which will
improve industry profits, increase accessibility and save wasted energy.

1.2.1

Stages of solidification
Before considering the formation of hot tears in detail, it is necessary to

understand the stages of alloy solidification. A semi-solid casting is divided into two
separate classes. The first class, the slurry, can be characterized as a viscous liquid with
suspended solid particles and is also considered a liquid-solid. The second class, the

5
mush, occurs at a lower temperature when the solid has grown to a point that it has fused
together to form a continuous solid network. The mush is also considered a solid-liquid.
The coherency point is defined as the instance when solid grains begin to sense the
presence of each other, and the rigidity point occurs when solid grains form a solid
network. Above the coherency point, the melt is considered a slurry, below it is
considered a mush [7]. Below the rigidity point, the alloy begins to gain the thermomechanical properties associated with a solid body, i.e. strength and ductility [9]. A
helpful summaries can be found in Figures 1.2 and 1.3.

Figure 1.2: Stages of solidification visualized, after Eskin [4], [10].
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Figure 1.3: Stages of solidification diagramed, after Eskin. [4], [10].

With regards to hot tearing, the mushy zone (below coherency) is of most interest.
Within the slurry, the melt behaves like a viscous liquid responding to forces via
deformation and flow; however, as the solid grains begin to interact they gain the ability
to transmit stresses. As outlined by Eskin, there are four additional stages within the
mushy region of solidification defined by liquid permeability. These steps are important
to understanding hot tearing. Stage one, mass feeding, occurs when the liquid and solid
are free to move past and with each other. Stage two, interdendritic feeding, begins when
coherent connections between solid dendrites are present causing liquid to have to flow
though the complex network like a maze. In this state pores rarely form. During stage
three, interdendritic separation, the remaining liquid becomes separated into pockets by
the growing solid network, and as liquid flow becomes more difficult and thermal
contraction becomes significant, hot tearing may occur. The final stage of solidification,
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interdendritic bridging, is when the fraction solid reaches above 0.9 the ingot has
developed significant strength and only small separated liquid pockets exist.
Interdendritic separation is the most problematic with regards to hot tearing and the
primary focus of this study.
It is known that during solidification the ability for liquid to flow though the solid
dendritic maze eventually decreases. At a point, the semi-solid alloy is incapable of
repairing any voids formed due to solidification shrinkage and a crack can propagate [7].
The details of hot tearing theories of formation and propagation, will be discussed in subsection 1.2.2.

1.2.2

Mechanisms of hot tearing
Hot tearing in aluminum alloys has been the subject of many studies beginning in

the 1940’s. The mechanism for hot tear formation has been explored extensively
including reviews by Novikov, Eskin et al. and Li and continues to be a relevant field of
study today [9]–[11]. These studies show that hot tearing is a complicated problem not
easily solved or simply described. Many of the contributing factors include alloy
composition, geometric constrains, heat transfer, fluid flow, and microstructure [10]. The
problem of hot tearing arises from the failure of a solidifying alloy to gracefully change
from one phase to another. More precisely, the dimensional change cannot always be
compensated for when liquid cannot flow. The solid cannot withstand the constrained,
non-uniform contraction and an irreversible crack is formed. Thermal stresses, developed
strains and strain rates have all been used to describe and predict the occurrence of hot
tears, but a single explanation or complete mathematical model has not been identified.
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As used in understanding the failure of solid materials, a critical stress for fracture
is a common engineering concept. It then seems natural to use this as a first approach to
try to understand failure via hot tearing. This adaptation of the Griffith Criterion assumes
a semi-solid body will hot tear when liquid filled pockets reach a critical failure stress
[10], [12]. Sigworth also approached the phenomenon from a stress point of view
employing the theory of liquid metal
embrittlement [13].
In 1952, Pellini et al. introduced the concept of a liquid film and explored the
concept of strain development as the primary mechanism for hot tear formation. The
theory explained that hot tears developed at the last stage of solidification just above the
solidus, when a liquid film existed between solid dendrites. Accumulated strain from the
thermal constraints caused the film to pull apart initiating a crack when it reached a
critical value [14]. Campbell adapted the concept of a strain-based approach using the
critical value for hot tearing seen in Equation 1.1, the term L represents the length of
casting in the direction of strain, the overall solidification direction (m).

a is the

coefficient of thermal expansion, l is the length of hot spot in the direction of strain (m)
and DT the length of mushy zone (m). Expanding on strain, Prokhorov first adopted the
concept of strain rate based hot tearing mechanisms in 1962 [15]. Recently it has been
adopted by Rappaz et al., and has proven to be a popular criterion for understanding hot
tearing [16].



TL
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In 1961, Saveiko expanded on the concept of a liquid film to develop a unique
theory of hot tear formation [17]. His theory was the surface tension of the liquid film
developed between grains was the major component controlling hot tear formation. As
seen in Figure 1.4 and Figure 1.5 an equiaxed grain structure is simplified to a cuboidal
representation and the idea of a liquid film applied to the boundaries. This simple, yet
applicable, theory proves to be among the most useful for visually understanding hot
tearing as opposed to the more abstract concepts of stress and strain. With the
microstructure represented by a flat, solid plate liquid film alternating lamellar structure a
mathematical model can be applied to learn about the trends, seen in Equation 1.2. The
symbols represent the following: P is the gravity applied mass required to pull apart
liquid film,

a the surface tension (erg/cm2), F is the contact area between plates and

film (cm2), g is the gravitational constant (cm/s2) and finally b represents the thickness of
liquid the layer (cm). Various other theories of hot tearing have been proposed as
modifications to the stress, strain, and rate based approaches. In addition, some
researchers have approached the problem of hot tearing from unique angles. Clyne and
Davies took one such unique approach by focusing on the time a solidifying alloy dwells
within a dangerous temperature region [18]. The wide range of proposed theories and
lack of consensus for the best way to model hot tearing is an indication that further study
is needed.

P

2F
1000 gb

( 1.2)
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Figure 1.4: Simplification process from grains to a 2 dimension lamellar structure
modeled by the liquid film theory proposed by Saveiko [11], [17].

Figure 1.5: How hot tearing is understood through the liquid film theory proposed by
Saveiko. Decreasing temperature, and increasing fs from left to right [11], [17].

Recalling from Section 1.2.1, semi-solid material behavior is dominated by
different physical phenomenon as the fraction solid increases. Eskin and Katgerman
outline a new way to think of hot tearing based on applying different models to materials
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in each temperature range [5]. This modern methodology made possible by computer
modeling shows the most promise in mastering the question of hot tearing in a
comprehensive manner.

Measuring Semi-Solid Mechanical Properties
Whether stress, strain, strain rate, other factors or a combination of the effects
influence hot tearing tendency, it is necessary to gather data on the failure of materials
under different thermomechanical situations to support these theories. In the final stages
of solidification, below the rigidity point, semi-solid alloys are able to retain their shape
and transmit stresses, and are therefore fit for mechanical testing [10]. As outlined by
Eskin et al., five types of methods have been used in the past to gather mechanical
properties of semi-solid aluminum alloys: tension, compression, shear, hardness and
bending [9], [10]. The most widely used method, tensile testing, provides the best analog
to industrial processing conditions and will be the subject of this review and following
work. When performing tensile testing one can test upon solidification or reheating. Both
of these methods come with their own advantages and disadvantages. It is important to
note that under identical conditions, these separate methods can produce varied results
[9].
The most commonly used approach is the reheating method, for distinction
referred to as the direct ramp method in this document. In this method, tensile specimens
are reheated to a temperature above the solidus and tested. This approach has been
extensively used and is responsible for much of the data available in literature today [19].
Early studies done by Tamman et al., Vero, and Singer et al. provided information on the
flow stress of many alloys, reported a sharp drop in strength at the solidus temperature
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and established the procedure for extracting semi-solid strength using basic equipment
[9], [10], [20]–[22]. It would take the extensive work of Russian scientist Novikov to
adapt and expand on established techniques to purposefully pursue the collecting of
elongation data [9].
After the emergence of aluminum alloys during the 1940’s, hot tearing studies
and the evaluation of semi-solid mechanical properties began to gain traction. In 1966,
Novikov compiled an extensive collection of reviewed information and experiments
laying much of the foundation of further study in the area [9]. Using gravity to provide
better centering and a microscope to measure elongation between two marks placed 32
mm apart prior to testing, Novikov was able to improve upon previous testing techniques
[9]. His testing apparatus is shown in Figure 1.6. Since he considered it difficult to
identify the moment of failure on a stress strain plot, elongation was measured using a
microscope and reconstructed sample.
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Figure 1.6: Hot tensile test setup used by Novikov for semi-solid specimens [9].

Novikov later improved on his initial apparatus using an electric drive to allow
strain rate control [9]. Commenting on the shape and behavior of semi-solid tensile tests,
Novikov identified the characteristic shape of a semi-solid tensile test to include a smooth
reduction of load from peak stress despite the apparent brittle nature [9]. Novikov
believed the stress strain behavior was a result of solid bridges and gradual liquid
separation. This behavior mimics the gradual decrease in stress as necking in a ductile
material [9]. A comparison of behaviors can be seen in Figure 1.7.
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Figure 1.7: Example stress strain curves from Novikov showing the relative behaviors
of : a semi-solid alloy tested in tension, a ductile solid alloy, brittle cold rolled aluminum
foil [9].

Many modern semi-sold mechanical tests are performed with the aid of Gleebleseries testing setups. The method of testing upon solidification, although not as common
as the direct ramp method, has been explored in some detail in the past as well and is
reviewed by Novikov and Eskin [9], [10]. Solidification testing more closely mirrors a
casting situation and can be applied to non-equilibrium cases effectively but comes with
an increased set of practical challenges. Solidification tests are performed by either the
collection of data as the casting solidifies or by solidification to isothermal testing
temperature. Eskin et al. claims that due to the averaged nature of non-isothermal tests,
those tests cannot be considered true mechanical tests but rather technological probes.
Thus non-isothermal tests will be avoided in this study [10]. An ideal test would provide
the proper non-equilibrium thermomechanical data found from an isothermal test upon
solidification, but with the simplicity of the direct ramp test.
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An alternative called the Reheating-Cooling Method (RCM) combines the
simplicity of the direct ramp method with the non-equilibrium accuracy of the
solidification method. The RCM method proposed by Han et al., involves overshooting
the intended test temperature, then re-cooling the specimen to an isothermal testing
temperature simulating the natural casting process [19]. A diagram comparison between
testing methods is seen in Figure 1.8.

Figure 1.8: Schematic of the RCM, the direct ramp method, and the cooling method as
marked. Expected microstructures are shown with black representing alpha phase solid,
white representing liquid, and grey representing solid eutectic. a) Solid b) re-melted
structure beyond testing fs for RCM c) testing microstructure for cooling and RCM d)
~0.5fs seen upon cooling e) testing microstructure for direct Ramp Method showing less
liquid and altered structure. Top schematic describes how force is applied approximately
30 seconds after reaching temperature. After Han. [19], [23]

Modulus of Toughness
As discussed earlier in this chapter, the criterion for understanding the physical
mechanism for hot tearing and its relationship to material properties is not fully
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understood. Currently, the best methodology, as outlined by Eskin and Katgerman,
involves complex modeling for each stage of solidification and is not attempted in this
study [5]. The simplified criteria of the modulus of toughness has not been explored as a
way of interpretation of testing data. According to the Instron Company, modulus of
toughness is calculated measuring the entire area under the stress strain graph from origin
until rupture [21]. This method combines the stress and strain approaches outlined earlier
in this chapter and provides quick, easy insight into the hot tearing properties of an alloy
when tested.

Research Objectives
The objective of this work has been to use the RCM as a practical gauge for
investigating the semi-solid properties of a particular alloy during the natural castings
process, suggested by Han [19]. The data on mechanical properties of commercial
wrought alloys has not been well reported, leaving a lack of information to input into
models [5]. According to Sanders, the evolution of aluminum technology and the
advancement of processing methods will only be achieved by further specializing
processes for specific alloys [24]. It is necessary to have in-depth knowledge of how
different aluminum alloys respond to casting, and further deformations to achieve this
goal. Although work has been ongoing in this field for over 60 years, there are still many
questions to be answered and opportunities to combine experimental data with modern
computer modeling in order to predict hot tearing occurrence [5]. Current mathematical
models used to predict hot tearing susceptibility depend greatly on the presence of liquid
and its arrangement during the final stage of solidification along with the critical strain
behavior of the alloys being modeled. Liquid arrangement, stress and strain behavior at

17
this stage is immensely difficult to predict in a practical situation. Therefore, it is this
roadblock of input data and a need for tight control over processing that hinders further
development and application of these models.
As a complement to a comprehensive mathematically based model, there is a need
for a simplified testing method able to produce empirical data as quickly and easily as
possible using commonly available testing equipment. Similar situations have been
historically solved by adoption of standard practices for tensile, fatigue, and fracture
testing.
Hot tearing tendency of the Al-Mg binary alloy system has been previously
studied by Novikov and Cline et al., reviewed by Eskin and is displayed in Figure 1.8 [7],
[9], [18]. The Al-Mg system is both an industrial relevant system (the basis for 5XXX
series alloys) and has a well-documented hot-tearing tendency, lambda curve. The
lambda curve shown in Figure 1.9 was generated using measured hot crack length[25]. It
was used to provide a valuable benchmark for the proposed testing equipment and
methodology. The alloys chosen for this investigation Al-1%Mg and Al-10%Mg provide
the maximum and minimum extremes for tearing susceptibility, seen in Figure 1.9.
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Figure 1.9: Measure of hot tear length (cracking susceptibility) vs. composition of Mg in
an Al-Mg binary alloy (Lambda curve). Binary alloys for testing were chosen to represent
the most and least susceptible conditions within the binary alloy system. Curve
reproduced from graphical data used by Eskin [7], [25].

The wrought aircraft alloy 7050 is commonly used due to its ability to reach
strengths greater than 500 MPa [1]. It is documented that hot tearing causes size and
production rate constraints during the DC casting process [26]. For the RCM method to
be recognized as a viable method, it must be feasible and documented as more successful
than the direct ramp method in modeling an industrially relevant DC castings process.
The focus of this study is to explore the viability of using the RCM as an
advantageous alternative to those methods previously dominating the semi-solid testing
field using a simple Al-Mg binary system and complex industrial 7050 alloy.
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2. EXPERIMENTAL METHODS AND TOOLS

This research was designed to study the effect of residual liquid on the mechanical
strength and to test the feasibility of the RCM. In addition, the relationship between the
mechanical properties within the mushy zone to its tendency to hot tear was of interest.
Equipment used included a standard mechanical testing frame, well-positioned furnaces,
imbedded thermocouples and a high temperature extensometer. Testing was performed at
an elevated temperature to gather mechanical property data on the Al-Mg binary system
and 7050 alloy in a semi-solid state.

Experimental Setup
The starting point for this experiment was an initial Equilibrium lever rule solidification
analysis, Equation 2.1. This is contracted against the Scheil, non-equilibrium,
solidification analysis, Equation 2.2. Equilibrium freezing assumes infinite diffusion
during the casting process and a structure explained by the equilibrium phase diagram
shown in Figure 2.2. The Scheil approximation for non-equilibrium freezing assumes no
diffusion in the solid phase with infinite mixing in the liquid phase. The analysis of
fraction solid using these assumptions was performed in Microsoft Excel for the Al-Mg
alloy and employed the simulation software Thermo-Calc for the non-equilibrium
solidification analysis of the 7050 alloy. See Figures 2.1 and 2.3 for details [27]. Symbols
are defined as follows: fs represents faction solid,
material in absolute temperature,

Tf

is the freezing temperature of pure

Tliq is the liquidus temperature of given binary alloy in

absolute temperature and k0 represents the partition coefficient [28]. As a starting point
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for testing 0.9 fs was chosen from Eskin as a dangerous region within the mushy zone
with regards to hot tearing and 0.8 fs as a suitable RCM peak target[7].

T - Tf
fs =1Tliq - Tf
fs =

1
(k0 -1)

1 T - Tliq
(k0 -1) T - Tf

( 2.1)

( 2.2)

Figure 2.1: Al-1%Mg and Al-10%Mg fraction solid approximations calculated using
Equations 2.1 and 2.2 and a partition coefficient ko=0.53 estimated from the phase
diagram. < 1% eutectic is expected in the cast Al-Mg 1% alloy. 7% eutectic is expected
in the cast Al-Mg 1% alloy. Testing temperatures were extracted from these graphs using
the Scheil approximation at 0.9 fs [28], [29].
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Figure 2.2: A portion of Al-Mg Phase diagram. Eutectic occurs at 36wt% Mg. Dotted
lines represent continuation of diagram. After Okamoto.[29].
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Figure 2.3: Thermo-Calc software non-equilibrium analysis of 7050 aluminum. The
multicolored line represents the Scheil non-equilibrium analysis and the dotted black line
represents the equilibrium analysis. Testing temperatures were extracted from this graph
using the Scheil approximation. 10% eutectic is expected in the 7050 alloy. Composition
from literature was used 2.3%Cu, 2.25%Mg, 6.2%Zn in wt%, with a balance of
aluminum [1], [27].

Sample Preparation
All samples used in this study were cast at the Purdue Materials Engineering
Metals Laboratory, Neil Armstrong Hall, West Lafayette Indiana. Bulk aluminum shot
99.9% purity and magnesium bar stock were obtained from Alpha Aesar. 7050 aluminum
was ordered through McMaster Carr certified to AMS 4050 and ASTM B594
specifications in plate form and re-melted. A Herschal brand cast iron tensile bar mold
designed to both ASTM (B 108-806) and American National Standards Institute (H 3826)
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standards was used to produce specimens. Specimens on average had elliptical crosssections in the gauge length with a minor axis diameter of 10.9 mm and a major axis
diameter of 12.4 mm. The mold was coated with a boron nitride mold release spray. It
was preheated to a base temperature of 230 °C using a large hotplate in contact with the
base. This directional conduction based preheat procedure resulted in top surface at
190 °C. The mold was covered with an insulating housing during the 4-hour heating
process.
If necessary for the alloy being cast, 1 3 inch stick of 5%Ti-1%B grain refiner was
added with the raw material stock prior to melting. Grain refiner chemistry is reported as
Ti 4.5%-5.5%, B 0.8%-1.2%, Si 0.2% max, Fe 0.3% max, V 0.2% max, others each
0.03% max, others total 0.1% by the manufacturer AMG alloys [30]. The raw material
described above was melted using an open-air induction furnace in number 6 clay
graphite crucibles with a power output ranging from 10 kW to15 kW for about 15
minutes until the temperature measured with a thermocouple probe reached 100 °C above
the liquidus temperature of a given alloy. If deemed necessary, a graphite scoop was used
to remove excess oxide from the surface of the melt. When the 100 °C superheat was
achieved the molten alloy was poured into the preheated mold though the center cup and
runner, see Figure 2.4. Each cast bar set was removed approximately 5 minutes after
pouring and quenched in water to room temperature. A band saw was used to extract the
test bar from gating and, if necessary, tensile specimens were ground on a bench grinder
to smooth the grip section parting line and gate connections.
Specimens were prepared for testing by drilling a hole for thermocouple
attachment, and notched with a small file 12 mm apart centered on the thermocouple hole
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for extensometer anchoring. Details are seen in Figure 2.5. Type K thermocouples were
constructed using bulk wire and coupled using Omega brand nickel micro connector wire
connectors in place of the traditional weld bead. The probe was imbedded snugly into the
predrilled hole, of size 1/16 inch. The gauge section was inspected for visible cracking
induced by the casting process. Cracking was found regularly on the 7050 specimens and
cracked specimens were discarded. The reduced section of the specimens was painted
with black graphite paint to aid with radiation heat transfer. The specimen was loaded
into the bottom (stationary) grip first, and the hole was aligned with the furnace top
element. With furnace alignment checked, the extensometer arms were brought into
contact with the specimen and set into the intended groves under spring force. The
thermocouple was inserted into the hole snugly and secured to the extensometer housing.
The furnace was closed by sliding the two halves together as snugly as possible. Details
seen in Figure 2.6. The load cell was zeroed, then the top wedge grip lowered over the
top grip section of the tensile bar and gripped with about 1 inch of contact. It was found
that excessive grip contact aids the conductive heat transfer away from the specimen to a
point where testing temperatures can be difficult to reach. The weakened state of the
partially melted section means the grip strength can afford to be lower. This completed
the apparatus setup prior to testing.
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Figure 2.4: Image of open cast iron book mold coated with boron nitride mold spray
containing representative set of cast tensile bars. Mold designed to ASTM (B 108-806)
and American National Standards Institute (H 3826).
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Figure 2.5: Tensile specimen prepared for testing. The hole was drilled 15 mm above the
bar center corresponding to the location of the top furnace element. Small grooves were
filed 12 mm apart for extensometer placement.

Figure 2.6: Tensile testing setup used. MTS insight testingframe (not visible) with
mechanical wege grips (top and bottom), MTS model 653 mountable furnace (seen left
and right), and MTS air cooled 632.53 model extensometer (in foreground).
Thermocouple is fed through the furnace gap and atached via the previously drilled hole.
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As Cast Structures
It is proposed that casting microstructures play a role in determining properties
within the mushy zone [7]. As cast structures were reviewed as background to the testing
process and are shown in Figures 2.7-2.9. Grain sizes as measured by the intercept
method for the Al-Mg binary alloys are provided in Table 2.1. Two different etchants
were used for the purposes of examining microstructures. NaOH was used to evaluate
grain size and Keller’s reagent was used to evaluate the secondary (eutectic) structure of
each alloy. Cast grain refined specimens exhibited smaller grains than the non-refined
specimens. The difference in grain size was more pronounced in the Al-Mg 1% alloy
where a clear distinction could be seen between the columnar structure of the non-refined
specimen and the equiaxed structure of the grain refined specimens. The Al-Mg 10%
alloy had less variation in the structure and grain size. The as cast non-refined grains
were primarily columnar which a columnar to equiaxed transition near the bar center. The
grain refined Al-Mg 10% had smaller grains and a smaller layer of columnar grains
compared the non-refined but exhibited the same general structure. The Keller’s etched
grain refined specimens exhibit a dispersed, random appearance of the secondary
structure in the grain refined specimens. Non-refined Keller’s etched specimens show a
directional appearance collected along grain and dendrite boundaries. The black areas
seen in Figures 2.7-2.8 are preferentially etched eutectic regions containing a primarily
Al3Mg2 phase predicted by the non-equilibrium solidification analysis, Figure 2.1, and
the phase diagram, Figure 2.2. The 7050 alloy solidifies the a more complex series of
phases S phase(Al2CuMg), T phase [(Al,Cu,Zn)49Mg32], V phase (Al5Cu6Mg2), and Z
phase (solution of Mg2Zn11 and Al5Cu6Mg2) in the interdendritic region seen as black
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regions in Figure 2.9 and described in Figure 2.3 [23], [31]. Porosity is seen in the as cast
structures, particularly common was centerline gas and shrinkage porosity. Visible
porosity was generally less than 10% by volume.

Figure 2.7: As Cast Al-1%Mg micrographs: a) Al-10%Mg with no refiner taken with 10x
magnification, etched with NaOH for approximately 30 seconds, columnar grains
exhibited b) Al-1%Mg with grain refiner taken with 15x magnification, etched with
NaOH for approximately 30 seconds, equiaxed grains exhibited c) Taken with 10x
magnification etched with Keller’s reagent for approximately 30 seconds d) Taken with
10x magnification etched with Keller’s reagent for approximately 30 seconds.
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Figure 2.8: As Cast Al-10%Mg micrographs: a) Al-10%Mg with no refiner taken with
12.5x magnification, etched with NaOH for approximately 30 seconds, columnar grains
exhibited. Not shown Al-10%Mg grain refined exhibited mixed columnar and equiaxed
grains b) Taken with 50x magnification etched with Keller’s reagent for approximately
30 seconds c) Taken with 50x magnification etched with Keller’s reagent for
approximately 30 seconds.

Table 2.1: Grain sizes in the as-cast state. Etched with NaOH. Calculated via the mean
intercept length method and reported in µm.
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Figure 2.9: As Cast 7050 micrographs etched with Keller’s reagent for approximately 30
seconds. An average dendrite arm spacing of approximately 30µm is observed. A cored
dendritic structure can be seen a) 10x magnification b) 20x magnification c) 50x
magnification\

Testing Procedure
With a specimen mounted according to the sample preparation procedure
attention can be turned to the testing apparatus. Equipment used includes: MTS insight
testing frame, MTS 653 mountable furnace seen in Figure 2.6, Omega engineering
wireless thermocouple reader and receiver. TC Central software was used to record
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temperature data. MTS Test Works controlled and recorded the testing equipment. A
10kN load cell was used to provide high-resolution measurements of load during testing
of low strength partially melted specimens. All tests were displacement-controlled tests.
Testing temperature was dictated by intended fraction solid to be measured at, often 0.9
fs, and the Scheil approximation for non-equilibrium cooling presented in Figure 2.1.
Thermocouple readers and the furnaces were engaged simultaneously, and the sample
was allowed to heat up to either the testing temperature or RCM peak temperature. If
testing with the direct ramp method, the temperature was allowed to settle at the test
temperature (+/-2 °C), as measured by the imbedded thermocouple, before testing.
Temperature variation results in a variation of +/- 0.015 fs for the Al-Mg 1% alloy and +/0.005 fs Al-Mg 10% alloy. If using the RCM, the temperature was reduced from the peak,
approximately 0.1 fs beyond the testing temperature, to the testing temperature as quickly
as possible but slow enough to avoid dropping below the test temperature. This phase
took approximately 5 minutes. When the testing temperature (+/-2 °C), as measured by
the thermocouple, was reached it was held for approximately 5 seconds before testing
began. Tests were allowed to run until the temperature, stress or strain data became
unreliable or rupture. Unreliable data usually resulted from extensometer movement or
thermocouple separation from the tensile specimen. Results were not reported for the
portion of tests (~50%) which failed outside of the designated gauge length. Specimens
were allowed to air cool, were identified and retained. Results are reported in Chapter 3.
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3. RESULTS AND DISSCUSION

The RCM of elevated temperature tensile testing was effective in gathering
mechanical properties of Al-Mg binary and 7050 alloys in a semi-solid state near the
solidus temperature. Three sections are presented. First, test results from RCM tensile
testing of the Al-Mg binary system at two compositions, with and without grain
refinement, are compared to results from all solid tensile testing. A distinct semi-solid
behavior is identified exhibiting behavior similar to that reported in literature [9].
Secondly, to better understand the benefit of the RCM, microstructural evolution during
the testing process is discussed. A simple diffusion model is presented and compared to
microstructure data. Thirdly, 7050 alloy RCM tensile testing results are presented and
compared to traditional direct ramp methodology. Additional tensile testing results were
collected on variations of the 7050 RCM testing at different fractions solid and strain
rates. A graphical integration of stress and strain is used to provide a value of modulus of
toughness (also understood as absorbed energy) from stress strain data. Calculated
modulus of toughness results and the raw stress-strain curve shapes tracked with known
hot tearing behaviors.

Binary Al-Mg Alloy All Solid and RCM Tensile Testing
Tensile testing was performed on bars heated to 440 °C, below the nonequilibrium solidus. This was done to provide a baseline for understanding the behavior
of these alloys and grain refinement conditions. Bars were cast, as described in chapter 2,
to two different alloy weight percentages 10%Mg and 1%Mg. These were chosen due to
their known differences in hot tearing susceptibility as described in Figure 1.8 [7]. Grain
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refinement is one tool known to assist in the prevention of hot tearing [3]. Utilizing the
addition of TiB2 grain refiner, with a ratio of 5-Titainium to 1 Boron, another group of
tensile bars was created.
The elevated temperature testing setup described in chapter 2 was used. These
cast bars were heated all to 440 °C and tested at a strain rate of 0.0014(s-1). The all solid
temperature of 440 °C was chosen to be below but near the TNES=450 °C (TEutectic) as seen
in Figure 2.2. Detailed results and stress strain plots can be seen in Table 3.1 and Figure
3.1. Al-10%Mg has a higher volume of Al3Mg2 and a higher average concentration of
dissolved magnesium compared to Al-1%Mg. Both factors contribute to added resistance
to dislocation motion and result in higher flow stress for the Al-10%Mg alloys. Grain
refining was applied to provide insight into to the ability of the RCM to mirror known
trends in hot tearing susceptibility. After testing specimens were cut near the fracture
surface, polished and etched using NaOH to reveal a grain structure. Comparing the grain
sizes in Table 3.1, one can see the grains were altered by a factor of 4 in the as-cast Al1%Mg specimens but not significantly in the 10% alloy.

Table 3.1: Selected data collected from all solid tensile tests, tested at 440 °C. Etched
with NaOH. For comparison the elastic modulus of pine wood is approximately 10 GPa
[32], [33].
Flow
Stress
(MPa)

Modulus of
toughness

Alloy

Grain Size
(µm)

Yield
(MPa)

Effective
Modulus
(GPa)

1% - Non-Refined Solid
1% - Grain Refined Solid

2035
458

21.2
15.6

10.6
7.8

21.4
17.7

641
61

10% - Non-Refined Solid
10% - Grain Refined Solid

1490
1285

16.9
29.1

8.5
14.5

27.1
38.5

410
636

3

(kJ/m )
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Figure 3.1 : Stress strain curves produced by the all solid specimens tested a 440 °C.
Grain refined and non-refined, Al-1%Mg and Al-10%Mg curves are labeled. Tested at a
strain rate of 0.0014(s-1) .

Tensile testing was undertaken on the Al-1%Mg and Al-10%Mg categories tested
using the RCM at 0.9 fs performed at a strain rate of 0.0014(s-1). Testing speed was 1
mm/min preformed in the 12in gauge length. Table 3.2 provides details on the RCM peak
temperature used for each alloy group. Reaching a peak fs of approximately 0.80 was the
goal; however, erratic temperature during testing and the steep non-equilibrium T-fs
relationship for the Al-1%Mg alloy seen in Figure 2.1 contributed to a larger variation.
Table 3.3 provides an overview of the 1%Mg-Al alloy RCM results showing a range of
flow stresses from 1-7 MPa. Figure 3.3 provides an overview of the 10%Mg-Al alloy
RCM results showing a range of flow stresses from 13-22 MPa. Detailed mechanical
testing results are seen in Table 3.3. There is a precise grouping in all 4 alloy and
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refinement cases. Each data set exhibits outliers with higher than average flow stresses
and modulus of toughness, but this is an expected occurrence given the limited controls
placed on the permanent mold casting process used in this experimentation. Any number
of reasons including: incomplete melting, diffusion during heat up, freedom from casting
induced microcracks, less porosity, or a low oxide content in the melt could explain this
deviation. Tests with relatively low flow stress in each category exhibit minimal strain
hardening. This classic semi-solid behavior as described by Novikov, is previously
reviewed in Figure 1.7 and is representative of the vulnerable state alloys pass through
during solidification [9].

Table 3.2: Description of RCM peak for each alloy set. See Figure 1.8 for peak
description. Anomaly tests are noted on reported stress strain curves.
Alloy
Grain refined
Al-1% Mg
Non-refined
Grain refined
Al-10% Mg
Non-refined

RCM peak T(°C) Variation
642 (+/-3)
642 (+/-1)
511 (+/-4)
530 (+/-1)

RCM peak fs Variation
0.74 (+/-0.04)
0.71 (+/- 0.03)
0.85 (+/-0.01)
0.80 (+/-0.01)
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Table 3.3: RCM tensile testing results of 0.9 fs tests in each alloy group, reported as
average and 95% confidence interval. A greater flow stress and modulus of toughness in
the Al-10%Mg alloy compared the Al-1%Mg alloy can be observed.

Alloy
1% - Non-refined, 0.9f s
RCM, 660 °C

ave.
CI-95%

1% - Grain refined, 0.9f s
ave.
RCM, 660 °C

CI-95%

10% - Non-refined, 0.9f s
ave.
RCM, 480 °C

CI-95%

10% - Grain refined, 0.9f s
ave.
RCM, 480 °C

CI-95%

Yield
(MPa)

Effective
Modulus
(GPa)

Modulus of
toughness

3.865
1.578

2.970
1.340

1.485
0.670

57
28

3.817
1.903

3.041
2.266

1.521
1.133

59
43

16.119
3.391

15.336
4.053

7.668
2.026

239
140

13.060
1.721

12.694
1.629

6.347
0.814

242
36

Flow
Stress
(MPa)

3

(kJ/m )
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Figure 3.2: The scatter seen in stress strain curves produced from RCM tensile testing of
grain refined(a) and non-refined(b) 1% Mg-Al binary alloys tested at a strain rate of
0.0014(s-1). Specimens raised to an RCM peak heat temperature as marked. a) Unmarked
specimens were raised to an initial heat temperature of 642 (+/-3) °C , 0.74 (+/-0.04)fs]
prior to testing at 630 °C (0.9 fs). b) Unmarked specimens were raised to an initial heat
temperature of 642 (+/-1) °C , 0.74 (+/-0.03)fs] prior to testing at 630 °C (0.9 fs).Varied
line styles are only for discernibility.
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Figure 3.3: The scatter seen in stress strain curves produced from RCM tensile testing of
grain refined(c) and non-refined(d) 10% Mg-Al binary alloys tested at a strain rate of
0.0014(s-1). c) Unmarked specimens were raised to an initial heat temperature of 511 (+/3) °C , 0.85(+/-0.01) fs] prior to testing at 480 °C (0.9 fs). d) Unmarked specimens were
raised to an initial heat temperature of 530 (+/-1) °C , 0.85 (+/-0.01)fs] prior to testing at
480 °C (0.9 fs). Varied line styles are only for discernibility.

Three visible behaviors appear in the results presented in Figures 3.2 and 3.3. The
first behavior is described by Novikov as characteristic of semi-solid alloys. This
behavior can be characterized by flow stress reached at proportionality limit, a low flow
stress compared to its peers, an instantaneous drop in strength and gradual decline in
measured stress with increasing strain [9]. A second behavior shows indication of strain
hardening. After yielding, gradual stress increase occurs until a steady state flow stress is
achieved, which is a characteristic solid trait. The third behavior can be extracted where
little to no strain hardening is observed, but a steady state flow stress is achieved upon
yielding. A method is needed to gather and compare these mechanical behaviors. As
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described earlier in chapter 2 and presented in Tables 3.1 and 3.2, modulus of toughness
is the tool which allows for easy comparison of this unique mechanical testing data.
3.1.1

Modulus of toughness as a measure of resistance to hot tearing
Due to the influence of strain on hot tearing, flow stress was not an ideal tool to

compare test results. Ductility has been offered as a tool by previous authors; however,
equipment limitations on maintaining isothermal conditions for specimens exhibiting
large ductility made this comparison not possible [5], [9], [14]–[16]. To combine these
approaches and make use of both the stress and strain data collected, the modulus of
toughness was employed as a tool of comparison. As described in chapter 1, the modulus
of toughness of a material is calculated by measuring the entire area under the stress
strain curve from origin until rupture [21]. To maintain an accurate isothermal
comparison and retain the accuracy of the extensometer strain data, area was calculated to
rupture, or 0.02 strain, whichever occurred first. After a strain of 0.02, values became
unreliable and the movement of the specimen within the hot zone was likely an influence
in the data. A graphical calculation was performed to estimate the area under each stress
strain curve, resulting in a modulus of toughness value able to be compared (alternatively
understood as absorbed energy per unit volume). A comparison of toughness across AlMg binary system alloy categories can be seen in Figure 3.4.
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Figure 3.4: Comparison between modulus of toughness values. Average 0.9 fs RCM
results of each alloy group seen filled(L). All solid ,below non-equilibrium solidus
temperature, 440 °C results seen striped(R). Modulus of toughness values measured on
Al-10%Mg alloys are approximately 3x greater than those measured on Al-1%Mg alloys.
Grain refinement does not appear to have a significant effect. Error bars represent 95%
confidence interval.

The RCM results presented using the modulus of toughness comparison between
Al-Mg 1% and Al-Mg 10% alloys provide evidence that the RCM can be used to predict
hot tearing susceptibility. Upon comparison of Figure 3.4 to Figure 1.9, relative hot
tearing susceptibility may be predicted based on the inverse of the modulus of toughness
when measured at corresponding fraction solid. This is an exciting first step; however, it
must be acknowledged that despite testing taking place at an identical 0.9 fs, there are two
main differences between the Al-1%Mg and Al-10%Mg testing groups. First, due to
differences in the composition gradient 0.9 fs exists at a higher temperature for Al-1%Mg
compared to Al-10%Mg. This can be seen by referencing details on Scheil non-
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equilibrium freezing analysis presented in Figure 2.1. Increasing temperature has effects
on the ability of dislocations to stack and move in a given material resulting in decreased
flow stress [34]. Taking the simplistic view of a single-phase solid aluminum bar tested at
the 630 °C and 480 °C to represent the Al-1%Mg and Al-10%Mg alloys respectively, the
Al-1%Mg would be expected to have a lower flow stress and consequently lower
modulus of toughness. Secondly, due to added concentration of magnesium in the Al10%Mg alloy, it will naturally have a higher volume of Al3Mg2 and a higher average
concentration of dissolved magnesium as can be seen in Figure 2.2. Both factors
contribute to added resistance to dislocation motion and result in higher flow stress for
the stress supporting solid bridges. An isothermal test is a simplification of the conditions
during casting, which must be taking into consideration when making a comparison to
hot tearing tendency. The degree of thermal contraction and solidification shrinkage
dictated by alloy chemistry and composition gradients will play a role in how stress
develops on a given segment of casting. When further details of base material strength,
testing temperature, and other considerations are taken into account, a less significant
difference between the modulus of toughness values presented in Figure 3.4 of Al-1%Mg
and Al-10%Mg alloys is expected. These factors cannot be altered for an alloy and do not
take away from the RCM’s ability to provide useful information relevant to hot tear
susceptibility.
The effect of grain refinement on tensile bar testing results is less clear than the
effect of the differing alloy percentages. Table 3.4 shows data collected on grain sizes in
as-cast specimens and in specimens after an RCM test in each alloy category presented in
this section. Grain sizes were collected near the fracture and revealed by polishing and
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etching with NaOH. Grain sizes were calculated using the random mean intercept length
method. Grain size information is necessary to understand toughness and other
mechanical testing data. Grain size data collected shows the addition of TiB2 grain refiner
has potential to alter grain size. Initially examining as-cast grain sizes, the grain refiner
has less effectiveness than anticipated for the 10% Mg alloys. However, there is more
significant variation in grain size for the 1% alloy.

Table 3.4: Grain sizes in the as-cast state and after RCM tensile testing. Etched with
NaOH. Calculated via the mean intercept length method and reported in µm.

Al-1%Mg
Al-1%Mg
Al-10%Mg
Al-10%Mg

As Cast
Non-Refined
2035
Grain Refined
458
Non-Refined
1490
Grain Refined
1285

RCM
1109
635
861
1422

Grain sizes are hypothesized to influence the mechanical properties of a semisolid alloy. First, it is important to understand how varying grain size might theoretically
effect flow stress and modulus of toughness. Next, using information collected, these
assumptions can be challenged to gain insight regarding factors effecting semi-solid
properties and their relationship to hot tearing tendency. The Hall-Petch effect dictates
smaller grains will limit dislocation motion and strengthen a material comparable to a
material with larger grains [34]. In addition, it is known that smaller grain sizes do
provide some protection against hot tearing [10].These two factors lead one to expect the
reduction of grain size to increase semi-solid strength and modulus of toughness.
Although effective in strengthening solid materials, the mechanisms for deformation are
different in a semi-solid state. Increased temperature increases the mobility of
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dislocations and the existence of liquid grain boundaries must be taken into account [34].
Grain boundary liquid is a likely location for nucleation and crack propagation [5]. Large
grained castings are likely to have larger pools of liquid and thicker melted grain
boundary regions. These larger areas may provide an easier crack nucleation point during
a semi-solid test and are a likely reason for the small increase in modulus of toughness
seen with grain refinement in Table 3.4. Although an increase in modulus of toughness is
seen, the flow stress does not show an increase. The mixed results conflict with the
common knowledge that grain refinement can be a fix for hot tearing. To understand the
discrepancy between the testing results and expectations, the difference between an
isothermal semi-solid tensile test and a hot tear induced during casting must be examined.
The influence of grain size on magnitude and distribution of stresses and strains is likely
the reasoning for the observed effect of grain size on hot tearing tendency. Lastly, Table
3.4 shows post RCM test grain size measurements do not track with expectations. Grain
size measurements no longer match the success seen in refinement of the as-cast
specimens. Signs of possible grain growth during testing can be seen looking exclusively
at grain refined. Several factors could contribute to the erratic grain sizes detected.
Firstly, scrap aluminum from each alloy grouping was recycled multiple times during the
course of experimentation. No process of metal cleaning was employed to remove oxides
from the melt. Differing melt cleanliness could have affected mold fill, cooling rate, grain
nucleation and growth kinetics. The addition of grain refiner was used for the first cycle
of testing. The refiner containing scrap was recycled for further refined testing. The
effectiveness of the refiner could have been reduced due to this re-melt cycle. Review of
the benefits of finer grains, mixed mechanical testing results, and inconsistent refinement
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effectiveness leave an inconclusive picture regarding the merits of grain refinement to
strengthen an alloy during an isothermal semi-solid tensile test using the RCM.
3.1.2

Post-test microstructures and fracture surface metallography
Post-test microstructures were examined for the both the Al-1%Mg and Al-

10%Mg, see Figures 3.5 and 3.6. No significant changes in visible etched structure could
be seen from the as cast state. Phase fractions are examined later in Section 3.2.3. A
distinct semi-solid fracture surface is observed in cross sections examined. The RCM
fracture surface shows primarily a brittle fracture mode, as seen in Figure 3.5. The stress
strain plots for All solid tests, see Figure 3.1, exhibited generally solid-like behavior. All
solid tests experienced plastic deformation and strain hardening causing the specimen to
initiate cracks in many areas but propagate slowly via ductile fracture. This behavior
appears in Figure 3.6 as a saw tooth pattern. In contrast, there is a lack of visible
deformation seen in the RCM fracture surfaces. Under the 0.9 fs condition, the RCM
specimen initiated a crack within the melted region and propagated easily via
intergranular fracture along liquid grain boundaries. Due to the slow strain rate used for
testing it is likely the isothermal testing condition was not maintained throughout the
entire fracture cross section. It can be seen in Figure 3.7 a transition to a ductile mode
occurred approximately halfway through the fracture. Increased air flow cooling as a
crack opened or movement of the crack out of the furnace’s hot zone could be the reason.
Examination of Figures 3.7-3.8 and as cast microstructures presented in Figures 2.7-2.9
shows evidence for significant test generated porosity particularly prevalent in the semisolid condition near the brittle cracking observed.
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Figure 3.5: Post-test microstructures for Al-1% Mg alloy. a) After the all solid test
(440 °C) b) After the RCM 0.9 fs test (630 °C). More consistent etch on b) may indicate a
reduction in coring from the testing procedure.

Figure 3.6: Post-test microstructures for Al-10% Mg. a) After the all solid test (440 °C)
b) After the RCM 0.9 fs test (480 °C).
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Figure 3.7: Fracture surface cross section micrograph of Al-1%Mg specimen tested at 0.9
fs tested using the RCM. Crack initiated and propagated through liquid grain boundaries
(circled). The fracture surface transitions from brittle to ductile near the cross-section
midpoint. Multiple initiated cracks are visible on the left side of the specimen. Taken at
10X magnification, unetched.

Figure 3.8 : Comparison between a semi-solid RCM test (left) and the all solid test
(right). The brittle character of the RCM can be contrasted with the sawtooth ductile
appearance of the crack seen the solid test (right). Test generated porosity is visible after
the RCM test. Taken at 10X, unetched.
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Testing Effect on Non-Equilibrium Structure
A trade off exists between gathering mechanical property data on cooling (freezing)
and data on reheating. Cooling has the advantage of modeling the casting process but
presents challenges for testing under isothermal conditions. The traditional reheating
method (direct ramp) provides an easier testing procedure but presents a challenge
maintaining cast non-equilibrium structure and composition gradient due to coarsening
and back diffusion. Two approaches were used to investigate diffusion. First, A
diffusion-based model utilizing homogenization equations from Reed-Hill is constructed
in order to make an educated comparison between testing methods [34]. Secondly, A
mathematical review from Dantzig and Rappaz is completed to exalted the need to
consider back diffusion during casting and is adapted for testing [28].
3.2.1

Homogenization model

To better understand tensile testing results, Equations 3.1 and 3.2 were used to create
a model of diffusion occurring in a simplified test specimen. The results of the basic
homogenization model are shown in Figure 3.7 and pinpoint the acceleration of diffusion
to occur at and above 400 °C (~ 0.9TNES). A one-phase alloy with a sinusoidal
distribution of solute segregation was assumed. Measured and literature input diffusion
values consistent with magnesium diffusing though aluminum were used in the model
and are listed in Table 3.5.
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D  D0 e Q / RT

nB  nBo e (

(3.1)

2

D / l 2 )t

(3.2)

Table 3.5 : Literature values used for homogenization analysis.
VARIABLE

DESCRIPTION (UNITS)

VALUE

SOURCE

D0

Frequency factor (m2/s)

4.5x10-6

[35], [36]

Q

Activation energy (J/mol)

122,000

[35], [36]

nBo

Solute concentration difference

0.001

[34]

3x10-5

measured

from dendrite edge to core.
l

(½)* dendrite arm spacing (m)
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Figure 3.9: Homogenization model given from Equation 3.1 and 3.2. Curves show a
reduction of segregation under a slow heating rate of 0.2 °C /s (dotted) and a fast heating
rate of 2 °C /sec (solid line). Diffusion accelerates when T=0.9T NES. NES= Non
Equilibrium Solidus. This occurs at a different point in time for each curve [34], [37],
[38].

The variables used in Equations 3.1 and 3.2 are defined as follows with units in
parentheses: D0 represents the frequency factor (m2/s); D is the diffusion coefficient or
Diffusivity (m2/s); Q signifies the activation energy (J/mol);T is the Temperature (K); R
is the gas constant (J/(mol-K)); nB denotes the degree of segregation as a fraction from
alloy average achieved during casting (fraction) and t is time (s). l per the source material
is half of the dendrite arm spacing (m) but average dendrite arm spacing was used in this
analysis per Eskin for simplicity [7], [34].This simplification of the testing situation
shows back diffusion readily occurring in the later portion of the testing sequence. This is
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a focus of attention and analysis. A goal of the RCM is to minimize the effect by utilizing
the liquid-solid phase boundary. The phase change must be the limiting factor while this
testing occurs. An additional model based on governing transport equations is presented
in section 3.2.2.
3.2.2

Diffusion effects
Local composition change and temperature during the casting process can be

modeled using Equations 3.3-3.5 plus additional expressions for temperature and liquid
composition [28]. The analysis found in Dantzig and Rappaz provides evidence that for
most reasonable solidification times both spatial temperature change and liquid
composition can reasonably be considered uniform [28]. Solid state diffusion however
can vary within the realm of realistic solidification times as will be examined. A twodimensional model is originally considered for the change in composition with respect to
time using Equation 3.3. In the following equations Cs represents composition of solute
in the solid, t is time, tf is freezing time experienced by the alloy, λ2 is the secondary
dendrite arm spacing, L is the length of the secondary dendrites, Ds is the diffusion
coefficient in the solid and x and z are their standard directional meanings. This can be
further modified by using the scaled variables ζ= z/L , ξ=x/(λ2 /2) , τ=t/tf to produce the
model seen in Equation 3.4. Assuming L>> λ2 this can be further simplified to one
dimension. Finally, incorporating Equation 3.5 as a reasonable approximation over the
necessary range of solidification times and using diffusion coefficient calculations from
Section 3.2.1 and Equation 3.1 an approximation for the Fourier number can be produced
for three diffusion coefficients within the solidification range of temperatures. The three
diffusion coefficients used are DMg1=10-12 (at 660 °C) to represent diffusion near the
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liquidus and DMg2=2x10-14 (at 450 °C) represent diffusion near the solidus and
DMg3=8x10-13 (at 550 °C) as midpoint to capture all possibilities within the solidification
range. The three resultant Fourier number expressions are produced by combining
Equation 3.4 and 3.5 and are presented in Equation 3.6-3.8.

𝛿𝐶𝑠
𝛿 2 𝐶𝑠 𝛿 2 𝐶𝑠
= 𝐷𝑠
+
𝛿𝑡
𝛿𝑥 2
𝛿𝑧 2

(3.3)

𝛿𝐶𝑠 4𝐷𝑡𝑓 𝛿 2 𝐶𝑠 𝜆22 𝛿 2 𝐶𝑠
𝛿 2 𝐶𝑠
= 2
+
≈ 𝐹𝑜𝑠
𝛿𝜏
𝛿𝜉 2 𝐿2 𝛿𝜍 2
𝛿𝜉 2
𝜆2

(3.4)

1

1

𝜆2 ≈ 10−5 𝑚𝑠 −3 𝑡𝑓3

(3.5)
1

1

𝐹𝑂𝑠−𝑀𝑔1 ≈ 0.04𝑠 −3 𝑡𝑓3
1

(3.6)
1

𝐹𝑂𝑠−𝑀𝑔2 ≈ 0.0008𝑠 −3 𝑡𝑓3

𝐹𝑂𝑠−𝑀𝑔3 ≈

1
0.032𝑠 −3

1
𝑡𝑓3

(3.7)

(3.8)

It is now possible using equations 3.5-3.8 to better understand diffusion for DC
casting, sample casting for this set of experiments as well as during the testing process.
According to Dantzig and Rappaz if FOs<0.12, the Fourier number may be considered
much less than 1 and effectively zero (FOs<<1, FOs≈0) [28]. More importantly to this
analysis if the Fourier number FOs>0.12 then diffusion is understood to have an impact.
Using testing data, and a literature value from Eskin for DC casting the Fourier numbers
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were calculated for a variety of possible conditions [7]. Examining Table 3.6 the testing
temperature for Al-1%Mg at 630 °C means the true value lies in-between FOs- Mg1 and FOsMg1,

where diffusion is a factor. The testing temperature for Al-10%Mg at 480 °C means

the true value lies in-between FOs- Mg2 and FOs- Mg3, where diffusion is a borderline factor.

Table 3.6: Solidification times for casting process presented alongside testing heating
times above the 400 °C. Calculations preformed using Equations 3.6-3.8. Fourier numbers
presented for diffusion comparison. Bold numbers represent values>0.12 a critical
number for diffusion[10], [28], [34]. The testing temperature for Al-1%Mg at 630 °C
means the true value lies in-between FOs- Mg1 and FOs- Mg1, where diffusion is a factor. The
testing temperature for Al-10%Mg at 480 °C means the true value lies in-between FOs- Mg2
and FOs- Mg3, where diffusion is a borderline factor.
DC
casting

Specimen
Casting

Binary RCM Tesing
Mean

+SD

-SD

min

max

All Solid
tests

Solid time(s) T >
400°C
35 (sec)
FOs-Mg1 (at 660°C) 0.131

216 (sec)
0.240

622 (sec) 1009 (sec) 235 (sec) 289 (sec) 1801 (sec) 66 (sec)
0.341
0.401
0.247
0.264
0.487
0.162

FOs-Mg2 (at 450°C) 0.003

0.005

0.007

0.008

0.005

0.005

0.010

0.003

FOs-Mg3 (at 550°C) 0.105

0.192

0.273

0.321

0.197

0.211

0.389

0.129

3.2.3

Secondary phase measurements
In the absence of a complete model of phase transformation during the testing

process, testing microstructures were evaluated to better understand the changes the
specimens underwent during heat up. The binary Al-Mg system in the tested composition
range primarily forms the intermetallic Al3Mg2 upon solidification [29], as can be
understood from the phase diagram shown in Figure 2.2. Each binary alloy tested in the
as cast state contains more Al3Mg2 than predicted by the phase diagram, Figure 2.2, due
to the non-equilibrium nature of casting. As back diffusion begins to level the
composition gradient upon heat up, Al3Mg2 begins to dissolve. The RCM exposes the
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specimens to higher temperatures longer time compared to the All solid test. Without
considering solid liquid phase change, a RCM specimen would be expected to contain
significantly smaller volumes of secondary phase after testing. Phase fraction
measurements were made using cross sections near the fracture surface, etching with
Keller’s Reagent for 10 seconds and optical microscopy. Thresholding was used along
with computerized area measurements, see Figure 3.10 for details. Data presented in
Table 3.7 shows reduced percentage of secondary phase particles, but only small
differences were measured. From the model presented, it is concluded that close attention
shall be paid to heating rate. Due to equipment limitations, it was impractical to closely
control the ramp rate of each test performed. Instead careful monitoring was employed.
Data gathered from heating rates are mapped against modulus of toughness results
shown in Figure 3.11. An overall trend of increasing modulus of toughness with
increasing ramp rate. A positive relationship exists between ramp rate and modulus of
toughness for tests of the Al-Mg 1% alloy. The inverse is also presented, the longer the
heating process took the lower the measured modulus of toughness for the Al-Mg 1%
alloy. This relationship is also followed for the Al-10%Mg alloy. This is a curious
relationship, as a slower ramp rate will mean more time at elevated temperature and
potentially more backdiffusion. Specifically, with Al-10%Mg backdiffusion will reduce
the percentage of liquid present at the testing point. After experiencing diffusion 10%Mg
specimen may behave like the cast structure of a 9% Mg alloy and increasing cracking
susceptibility per Figure 1.9. The Al-Mg 1% relationship is more difficult to understand.
It is possible the worst-case liquid fraction does not exist at exactly 0.9 fs but closer to
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0.95 fs for this alloy system, and the combination of structure and back diffusion during
testing pushes the specimen into a more vulnerable state.

Figure 3.10: Schematic showing possible explanation for reducing Modulus of
Toughness results with slower ramp rates. A fast ramp rate can reproduce the casting
structure by melting the low melting point eutectic. A slow ramp rate may experience
diffusion resulting in coarsening of dendrites, grains and shrinking of rounding of
interdendritic liquid pockets, a potentially more dangerous structure for hot tearing.

Figure 3.11: Example of thresholding technique used to calculate secondary phase
fraction on post testing binary alloy specimens. Image for grain refined Al-Mg 10% alloy
at 500x magnification etched with Keller’s reagent.
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Table 3.7 : A comparison of retained secondary phase particles after tensile testing of the
Al-1%Mg and Al-10%Mg alloys. Elevated temperature testing at 440 °C is compared
against the RCM semi-solid testing performed at 480 °C. Specimens etched with Keller’s
Reagent for 10 seconds.
Al-1%Mg
Al-10%Mg

Method
All Solid
RCM
All Solid
RCM

Secondary structure
1.4%
1.3%
7.1%
6.2%

Standard Deviation
0.5%
0.5%
2.0%
1.6%

Figure 3.12: Modulus of toughness of individual tests graphed against the heating rate
experienced prior to testing (left column) and the total time elapsed during the heating
process prior to testing (right column). This is plotted for both Al-1%Mg (top row) and
Al-10%Mg alloys (bottom row). Black dots represent non-refined and hollow dots
represent grain refined specimens. All tests performed using the RCM tested at 0.9 fs. All
tests performed at a strain rate of 0.0014(s-1). A trend of increasing modulus of toughness
with increasing ramp rate in both alloys can be observed.
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7050 Alloy Tensile Testing
It has been established that diffusion during the testing process has potential to
alter the non-equilibrium structure necessary for studying hot tearing during casting.
Using the RCM, grain boundaries are melted beyond the desired percentage mitigating
solid state diffusion, maintaining grain size, and reestablishing a non-equilibrium
structure on the cooling portion [19]. Tensile results confirm the RCM provides more
characteristic hot tearing tensile behavior. Evaluation of RCM fracture surfaces confirm
presence of the intended liquid film fracture surface expected for hot tearing fracture.
Indication of incomplete grain boundary melting and tensile behavior representative of a
specimen with a higher fraction solid than intended is seen from the direct ramp method.
This indicates back diffusion. Semi-solid testing at faster strain rates and higher fractions
solid produce higher flow stress and modulus of toughness results.
RCM testing on 7050 was undertaken with 3 main goals. First, to prove the
process can adapt to a more complicated industrially significant alloy such as 7050.
Secondly, to evaluate the merits of using the RCM instead of the simpler direct ramp
method. Thirdly, to investigate the effects of varying strain rate and fraction solid within
the mushy zone on flow stress and modulus of toughness.
After initial casting trials, it became apparent that 7050 presented an additional
challenge of avoiding hot tearing during the laboratory casting process. The first trial of
test bars had severe tears making them inappropriate for testing. The casting process was
altered slightly by adding a dose of hot liquid aluminum on top of each of the risers after
filling through the pour cup. This helped level the thermal gradient established during
solidification. With the adjusted method, hot tear free bars could be cast. A bar polishing
procedure using progressively finer sand paper ending at 1200 grit was adopted on this
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group of bars to aid in crack inspection. Only bars without visible cracks were tested. As
specified in Chapter 2 testing temperatures were achieved to the desired temperature (+/2 °C) prior to testing, resultant fraction solid variation is (+/-0.02) or less than for this
alloy system and temperatures. Table 3.8 describes the variation seen in peak
temperatures and resultant variation in fs at the RCM peak when used.
Table 3.8: The variation seen in peak temperatures and resultant variation in fs at the
RCM peak for testing procedures used for each fraction solid tested.

7050

3.3.1

Alloy
0.95 fs tests
0.9 fs tests
0.8 fs tests

RCM peak T(°C) Variation
542 (+/-4)
563 (+/-4)
590 (+/-4)

RCM peak fs Variation
0.85 (+/-0.01)
0.81 (+/-0.01)
0.72 (+/-0.02)

RCM and direct ramp tensile testing
Stress strain curves collected from the 3 methods of All solid, direct ramp, and

RCM tensile testing are seen in Figure 3.13. Due to back diffusion, it was found the
direct ramp method overestimates the flow stress and modulus of toughness. This
supports previous work performed on other alloys by Han et al. Due to its highly alloyed
nature 7050 solid tests have a relatively high flow stress, see Figure 3.13 (a). The RCM
testing method performed on the binary alloys was repeated using 7050 and produced
expected low flow stresses and modulus of toughness results. A characteristic semi-solid
appearance, as described by Novikov, is observed in Figure 3.13 (c). The last method
used was the traditional direct ramp method and produced the thought provoking stress
strain curves seen in Figure 3.13 (b). The direct ramp curves appear to be a hybrid of the
solid and semi-solid RCM behavior. Higher flow stress and indications of strain
hardening are visible when using the direct ramp method. The fracture surfaces of these
testing conditions are displayed in Figure 3.14. In the All solid test fracture surface,
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Figure 3.14 (a), ductile fracture is observed as a fracture landscape dominated by a sharp
peak and valley morphology. Ductile fracture is present to a lesser extent in the direct
ramp test fracture surface, Figure 3.14 (b), but is visible in the center of the image. The
remainder of Figure 3.14 (b) is covered by exposed dendrites and fractured grain
boundaries. Dendrites are exposed due to casting porosity or porosity created during the
heating and testing process. Thin layers of solidified interdendritic liquid are also visible.
The RCM fracture surface, Figure 3.14 (c), exhibits no signs of ductile deformation. The
RCM surface is blanketing by smooth layers of newly melted and re-solidified
interdendritic grain boundaries consistent with the RCM fractures seen by Han et al [19].
The trend observed can be described as decreasing plastic deformation and increasing
liquid grain boundary presence when moving from solid, to direct ramp, to RCM. The
RCM exhibits an advantage in matching the liquid grain boundary fracture nature of a hot
tear.
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Figure 3.13: Stress strain plot of: a) a solid elevated temperature test performed at 440 °C
b) a semi-solid test performed 0.9 fs (490 °C) using the direct ramp method c) a semi-solid
test performed 0.9 fs (490 °C) using the RCM. All tests performed at a strain rate of
0.0014(s-1). A trend of decreasing flow stress can be seen in the stress strain plots a to b
to c. Varied line styles are only for discernibility.
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Figure 3.14: SEM micrographs showing: a) a fracture surface of a solid elevated
temperature test performed at 440 °C. b) a semi-solid elevated temperature test performed
0.9 fs using the direct ramp method c) a semi-solid elevated temperature test performed
0.9 fs using the RCM. All tests performed at a strain rate of 0.0014(s-1). A trend of
increasing liquid grain boundary area can be seen in the micrographs from a to b to c.

Modulus of toughness values are calculated from stress strain curves. Average
results from each method are presented in Figure 3.15, and a clear decrease in the
modulus of toughness can be seen from the direct ramp method to the RCM. This shows
the direct ramp method reports an artificially higher modulus of toughness compared to
the RCM. Secondary phase fraction measurements are reported in Table 3.9 and provide
evidence of diffusion during the testing process. Specimens were prepared for
measurement by mounting, polishing and etching for 10 seconds using Keller’s Reagent.
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The post testing specimens having undergone solid testing retain 84% of as-cast
secondary phases. Although both semi-solid testing methods were performed at the same
temperature, the RCM method succeeds in retaining 46% of secondary phases while the
direct ramp method only retains 27%. Looking back to Figure 1.8 and Section 3.2 this is
an interesting result as the RCM test reached higher temperatures during the heat up
process. The ability to better maintain casting structure is a main advantage of using the
RCM and is clearly a results of phase boundary protection.

Figure 3.15: Compared average modulus of toughness values measured for the direct
ramp method (dark grey) and the RCM (light grey). Both groups were tensile tested at 0.9
fs at a strain rate of 0.0014(s-1). Refer to Figure 1.7 for details on testing method
differences.
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Table 3.9: The secondary phase fractions obtained from optical micrographs. The RCM is
seen to retain additional secondary phase during the testing compared to the direct ramp
method. Specimens etched with Keller’s Reagent for 10 seconds.
Secondary Phases
7050 AC
7050 Solid ET
7050 .9FS Ramp
7050 .9FS RCM

6.7%
5.6%
1.8%
3.1%

Standard
Deviation
0.46%
0.19%
0.68%
0.58%

As theorized by Han et al., the RCM more closely represents conditions under
which a hot tear is produced in casting situation [19]. The advantage is twofold. First, it is
important to note that the direction of phase change is importan t. Melting or freezing
will have differing effects on the way internal stresses develop within an alloy at a given
fraction solid. The direct ramp method incorrectly models this aspect regardless of its
ability to reach a specific liquid fraction. Secondly, the phase change from solid to liquid
during the superheating of the RCM acts to prevent diffusion [19]. This results in a
structure more closely mirroring the situation experienced when casting.
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3.3.2

Effect of fraction solid and strain rate
Until now, all testing was performed at a strain rate of 0.0014(s-1), and all semi-

solid testing was prefomed at 0.9 fs. During the casting process, the alloy will move
through all possible fractions solid and depending on the solidification parameters may
experience many different strain rates. Testing under varied conditions can both give
insight into properties under those conditions and provide parallels to better understand
other results. The summary of these alternative tests on 7050 alloy is presented in Table
3.10 and Figure 3.16.

Table 3.10: Tensile testing results at 0.8, 0.9, and 0.95 fs at strain rates of 0.0001(s-1) and
0.0014(s-1). A faster strain rate resulted in higher modulus of toughness results. A higher
fs resulted in higher modulus of toughness.

Strain rate
(s-1)
0.0001

0.0014

Temp. (°C)
462
490
570
462
490
570

Test fs
0.95
0.9
0.8
0.95
0.9
0.8

Modulus of
Toughness
(KJ/M3)
25.6
7.2
4.1
47.6
10.6
1.5

Standard
Deviation
8.6
5.0
1.1
4.9
9.7
2.1
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Figure 3.16: Modulus of toughness measured at varied testing temperature(fraction solid)
for two different strain rates 0.0001(s-1) (open)and 0.0014(s-1)(black). 570 °C = 0.8 fs,
490 °C =0.9 fs, 462 °C=0.95 fs for this alloy.

Different strain rate testing is frequently used for understanding materials
performance in a complex environment. Materials can respond in different ways in
response to changing strain rates, and many times this is associated with a change in
fracture or crack nucleation modes [39]. Results presented in Table 3.10 and Figure 3.15
show a faster strain rate produces a higher modulus of toughness result when tested at 0.9
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and 0.95 fs, but the relationship reverses for the 0.8 fs testing. To better understand this
relationship, the results of varying fraction solid during testing must be examined.
Based on previous work by Eskin et al., it is understood that most dangerous time
period during solidification of an alloy is near the 0.9 fs point when a transition is
occurring within the semi-solid mush from islands of solid grains flooded with liquid to a
rigid solid mass of connected grains with pools of liquid [5]. When excessive liquid is
present, cracks rarely form due to the ability of the liquid to flow into and reinforce any
newly initiated crack. At extremely high fractions solid (i.e. 0.99), enough solid
engagement exists that the network can support induced stresses and strains. Between the
low fs and high fs extremes where neither enough crack healing liquid nor adequate
reinforcing bridges exist, the casting is weak and brittle [5]. RCM tensile testing was used
to measure the modulus of toughness within the range of 0.8-0.95 fs. Fracture surfaces
were evaluated using a SEM. Results are seen in Figures 3.16, 3.17 and 3.18. A trend of
decreasing flow stress and modulus of toughness values were measured as the fraction
solid tested decreased. Modulus of toughness results approached zero for 0.8 fs, and a
trend of increasing liquid influence on the fracture surface is observed. A further review
of the fracture surfaces is necessary to better understand how liquid effects semi-solid
fracture.
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Figure 3.17: Stress strain plots produced from tensile testing of semi-solid 7050
aluminum using the RCM a) 0.95 fs (462 °C), b) 0.9 fs (490 °C), c) 0.8 fs (570 °C) d)
Flow stresses at various fractions solid. Testing prefromed at a strain rate of 0.0001(s-1) is
shown with grey lines and open dots. Testing prefromed at a strain rate of 0.0014(s-1) is
shown with black lines and dots. A trend of decreasing flow stress with decreasing
fraction solid can be observed.
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Figure 3.18: SEM micrograph of fracture surfaces All tests performed at a strain rate of
0.0014(s-1). a) tested solid b) tested at 0.95 fs c) tested at 0.9 fs d) tested at 0.8 fs A trend
of increasing liquid grain boundary area can be seen in the micrographs.
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Figure 3.19: Optical micrograph of fracture surfaces All tests performed at a strain rate of
0.0014(s-1). a) All solid (440 °C ) b) tested at 0.95 fs (462 °C ) c) tested at 0.9 fs (490 °C )
d) tested at 0.8 fs. (570 °C ). The reduction of dendritic structure due to heating is evident.

SEM fractography is presented in Figure 3.17. An All solid test fracture surface in
Figure 3.18 (a) exhibited pure ductile failure. At 0.95 fs, Figure 3.18 (b), a smooth surface
indicating melting of the interdendritic region is observed. It appears to thinly cover a
series of sharp peaks and some uncovered, plasticly deformed regions are still visible as
evidence of ductile fracture. At 0.9 fs, Figure 3.18 (c), evidence of liquid grain boundary
separation as the primary mode of fracture remains with no occurrences of plastic
deformation visible. Porosity is still visible in the form of intact dendrites. At 0.8 fs,
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Figure 3.18 (d), evidence of melting is throughout. No porosity is visible on the 0.8 fs
fracture surface indicating that the melting may have penetrated the base dendritic
structure. These fracture surfaces show a changing landscape after testing that reflects the
differing modes of fracture these specimens can experience during semi-solid fracture.
A framework is now established to better understand the increase in toughness from
increased fraction solid, and the strain rate behavior, seen in Figure 3.16. Some
similarities between the direct ramp method and 0.95 fs test can be identified. With
increasing fraction solid (decreasing temperature) there is an increase in the percentage of
solid bridges able to deform and fracture in a ductile manner. With an increased amount
and area of these across the fracture the flow stress and modulus of toughness increase.
An increase in strength as a result of increased strain rate is a common outcome when
measuring solid light metals and is observed in the tests performed at 0.9 fs or higher
[39], [40]. At 0.8 fs, the inverse is seen. Comparing these results to the SEM fracture
surfaces seen in Figure 3.18, the existence of thicker liquid film may account for a unique
mode for fracture nucleation and propagation. The liquid rupture process may resist at a
higher stress when deformed at a slower rate, an opposite effect than what was seen with
the solid influenced fractures. Looking back onto the direct ramp method, which
produced artificially higher flow stresses and modulus of toughness results, it can be seen
to produce comparable results to the 0.95 fs testing. Back diffusion during the direct ramp
process results in a testing situation with an artificially high fs. The similarities between
the 0.95 RCM and 0.9 direct ramp tests provide valuable support for the use of the RCM
method for testing semi-solid alloys.
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4. SUMMARY AND FUTURE RECOMENDATIONS

Summary
The purpose of this work has been to apply the Reheating-Cooling Method(RCM)
of tensile testing above the non-equilibrium solidus temperature to gain a better
understanding of the method. The RCM applied to 3 alloys Al-1%Mg, Al-10%Mg, and
7050 has been shown to be the preferred method available for measuring isothermal
properties of semi-solid alloys. When tested at 0.9 fraction solid, the RCM measured flow
stresses less than 8 MPa for Al-1%Mg, 20 MPa for Al-10%Mg and 2 MPa for 7050. The
modulus of toughness was adopted as a more complete method of comparison. Al10%Mg tested at an average modulus of toughness of 240 kJ/m3 while Al-1%Mg tested
at an average of 58 kJ/m3. The modulus of toughness at 0.9 fs matches the expected trend
of an increased modulus of toughness with decreasing hot tearing susceptibility. The
addition of grain refiner to alter grain sizes did not result in a meaningful change to
modulus of toughness results. A model of specimen back diffusion during testing
provides warning that above 400 °C diffusion cannot be entirerly ignored. Temperature
ramp rates need to be maximized to minimize diffusion, and trends encountered show
higher ramp rates increase modulus of toughness results. The RCM retained twice the
volume fraction of secondary phase particles compared to the direct ramp method, which
is evidence for the RCM’s protective qualities against back diffusion. For the 7050 alloy,
the RCM averaged 10.6 kJ/m3 for modulus of toughness. The direct ramp method
averaging 389 kJ/m3 . Fracture surfaces evaluated using a SEM showed signs of plastic
deformation and solid bridging on the specimens tested using the direct ramp method.
More liquid film was present with no signs of plastic formation when using the RCM.
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The RCM was also applied to gather infromation regarding strain rates and varied
fractions solid. Increasing modulus of toughness results were detected with increasing
fraction solid. Increased strain rate was found to increase the modulus of toughness when
above 0.9 fraction solid. At 0.8 fraction solid, a faster testing strain rate produced a lower
modulus of toughness. The direct ramp method 0.9 fraction solid and 0.95 fraction solid
RCM method shared stress strain curve and fracture surface characteristics.

Recommendations
There is room for future research in two aspects of this study: improvements on
the methodology of RCM tensile testing and the application of data gathered to further
model a casting situation. First, the improvement of the process and its application to
other alloys will be discussed. A first attempt at this experiment used infrared(IR) spot
lamps to heat the specimen. Infrared heating has a potential heating rate advantage over
the resistance furnace used in this study. As seen in the diffusion analysis performed in
chapter 3, heating rate has an influence on the structure tested especially over the
dangerous temperature of 400 °C for the Al-Mg system. Unfortunately, it was found that
two spot furnaces focused to a hot zone on the tensile bar was inadequate to heat the bar
to the temperatures needed for this study. Alternative ways of using IR heating could
produce better heating rates. Another note, more than half the tensile testing performed
during this study did not produce usable extension data since the break did not happen in
the intended gauge length and was not captured by the extensometer. Casting variation, a
common aliment for any producer of castings, was likely the reason for the unpredictable
failures.
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Further controls on the casting process would likely produce more repeatable
results. The addition of TB2, opposed to controlling cooling rate, was used due to its
simplicity to alter grain size. Scrap pieces (i.e. risers and gating) were recycled as in
industry practice throughout the course of this study. The assumption was made that the
TB2 stayed effective throughout the process of re-melting indefinitely. In industry, grain
refiner is added constantly and monitored by measuring titanium percentage. Applying
alternative grain refining additives and techniques is advised. Other problems(defects)
arise during the casting process, which could have effects on tensile bars produced.
Porosity caused by a combination of shrinkage, oxide biofilm presence and dissolved
hydrogen plays a role in semi-solid crack initiation and propagation. The use of a
cleaning flux combined with argon degassing would be useful for reducing variation due
to those factors. The use of machined DC cast test bars for collecting this data would
produce higher quality test specimens. A best-case scenario would be a laboratory scale
DC casting machine producing ingots to extract tensile specimens. This system would
allow direct comparison to a microstructural model and allow testing to be performed to
verify model findings at varying processing parameters. Ideally, added controls would be
enough to improve test specimen consistency and results. If controls are not adequate, the
use of x-ray and liquid penetrant inspection would be a reactive way to test specimen
quality as is practice in the aerospace industry
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